In this review we discuss specific examples of regulation of cytokine genes and focus on a new mechanism involving post-transcriptional regulation via miRNAs. The post-transcriptional regulation of cytokine genes via the destabilizing activity of AU-rich elements [AREs] and miRNAs is a pre-requisite for regulating the half-life of many cytokines and achieving the temporal and spatial distributions required for regulation of these genes.
Introduction
MicroRNAs (miRNAs) are endogenous, non-coding RNAs that are emerging as key players in regulating gene expression in eukaryotes. Currently $695 human miRNAs are listed in the registry (miRBase Release 12.0 http://microrna.sanger.ac.uk/) [1, 2] and they are believed to affect a large number of biological processes including cell differentiation and development. It is estimated that there are possibly more than 1000 human miRNAs. It has been proposed that miRNAs act as rheostats, modulating the expression of target genes to an optimal level rather than an on-off switch [3] . Recent studies suggest that miRNAs in addition to their more recognized role in development also play an important role in a variety of stress responses by modulating the translation and/or stability of multiple targeted transcripts [4] .
Emerging studies suggest that miRNAs provide an added layer in orchestrating immune responses [5] [6] [7] . miRNAs function in shaping immunity by regulating the repertoire of genes expressed in immune cells and the magnitude and duration of responses to particular pathogens [8, 9] . Expression profiling has shown distinct patterns of miRNA expression in different hematopoietic cell lineages [10] and single miRNAs can have substantial effects in regulating immune responses. For example, miR-155 knockdown, in mice, results in multiple defects in adaptive immunity and enhances IL-4 production [11] [12] [13] . The endonuclease enzyme Dicer that produces miRNAs and functions in RNA interference (RNAi) has been demonstrated to play a key role in the regulation of the immune system. Microarray studies in C. elegans containing a deletion in the Dicer gene showed enrichment for genes involved in innate immunity [6] . Furthermore defects in T lineage cells including incomplete IFNc repression, T reg cell development and function have also been demonstrated in mice lacking Dicer [14, 15] . A study by Asirvatham et al. of 613 immune genes that utilized a computational approach to identify miRNA targets has identified $275 newly predicted immune gene-miRNA interactions including transcription factors, chromatin modifiers and genes involved in immune signaling pathways and inflammation including cytokines [5] .
In this review we discuss specific examples of regulation of cytokine genes and focus on mechanisms involving post-transcriptional regulation via miRNAs. The post-transcriptional regulation of cytokine genes via the destabilizing activity of AU-rich elements (AREs) and miRNAs is a pre-requisite for regulating the half-life of many cytokines and central to achieving temporal and spatial regulation of these genes [16] .
Regulation mediated via AU-rich element (ARE) sites
The cis-acting structural RNA motifs of which the major class is the AU-rich elements can regulate the stability of mRNA and affect the translational efficiency in response to extracellular stimulation. Although AU-rich elements are mainly referred to as decay elements [17, 18] they also regulate translation and mRNA export [19] . The best characterized AREs are found in cytokine transcripts and other early response genes but they are also found in a large and diverse repertoire of cellular transcripts (identified in $4000 genes) [19, 20] . The ARE typically contains an AUUUA pentamer repeated once or several times within a U-rich region of the 3 0 UTR [18] . The pentamer repeat and the uridine enrichment sites are two important characteristics of an ARE but are not always sufficient for the destabilizing effect. Zubiaga et al. concluded that the nonamer UUAUUUAUU is the minimal AU-rich motif that effectively destabilizes mRNA [21] . ARE sequences are frequently present in genes that encode proteins that regulate cell growth and responses to external stimuli including microorganisms, inflammation and environmental stimuli. The ARE sequences are conserved throughout evolution and have been shown to play a critical role in the inflammatory response of lower forms including fish [22] .
ARE-mediated decay (AMD) is thought to regulate expression of up to 5-8% of all mRNAs [18] . A number of trans-acting factors called the ARE-binding proteins (ARE-BPs) regulate this process and can be functionally classified into two groups; (1) decay promoting/destabilizing ARE-BPs including tristetraprolin (TTP) [23] , butyrate response factor 1, AU-rich binding factor 1 (AUF1), KHtype splicing regulatory protein (KHSRP) and (2) stabilizing AREBPs including Hu protein R (HUR) [24] [25] [26] [27] . HuR and AUF-1 have also been shown to alter the stability of ARE containing mRNA in vivo [28] . HuR, a member of the embryonic lethal abnormal vision (ELAV) family of RNA binding proteins, is ubiquitously expressed in all proliferating cells [29] . The other members of the ELAV family of proteins also have high affinity for AU-or U-rich sequences and also exhibit poly(A)-binding activity in vitro [27] . AUF1 is a member of the hnRNP proteins that functions in vivo as an RNA-destabilizing factor in the ARE-mediated decay pathway [30] .
TTP, a zinc-finger-containing inhibitory ARE-binding protein, has been shown to destabilize the expression of class II AREs that are present in many proto-oncogenes, growth factors and cytokines such as TNF-a and GM-CSF [31, 32] . TIA-1 and TIAR are closely-related factors that inhibit the translation of TNF-a transcripts in macrophages [33] but not in T-lymphocytes [34] . TIA-1-induced translational repression is required for the translational arrest triggered by certain environmental stresses including heat, oxidative stress and energy deprivation [35] . TIA-1, TTP, HUR and other trans-acting factors are predicted to be miRNA targets and are further discussed below.
3. miRNA biogenesis and their regulation of target gene expression miRNAs are small endogenous, evolutionarily conserved, double-stranded non-coding RNA molecules that serve as regulators of multiple genes. Many miRNA are conserved among vertebrate species while others have a more limited distribution [3, 36] . It is likely that miRNAs are currently undergoing evolution (see below) particularly in the nervous and immune systems. Regulation by miRNAs in eukaryotes is usually mediated via the formation of imperfect hybrids with 3 0 UTR sequences of the target mRNAs. This induces translational repression and/or mRNA degradation. A recent study demonstrated that miR-2 inhibits translation initiation without affecting mRNA stability and that Drosophila miR-2 induces the formation of pseudo-polysomes that inhibit translation but only when translation initiates by means of the physiological cap structure [37] . In vitro translation systems have been used to address specific events and early kinetics of miRNA inhibition of translation and have implicated miRISC interference with m 7 Gcap recognition [38] . Other studies have shown that miRNP association with mRNA interferes with translation initiation complex formation [39] or that miRNA-binding interferes with elongation [40, 41] . Interestingly, it has been shown that miRNAs, as a class, associate with actively translating mRNA [42] . Multiple mechanisms appear to contribute to miRNA-mediated gene regulation and their individual relevance is likely to vary depending on the gene, cell and condition [43] . The generation of microRNAs is dependent on the RNase III enzyme Dicer, the levels of which vary in different normal cells and in disease states. Dicer expression has been shown to change in development and the expression levels, in our studies and others, respond rapidly to certain stimuli including stresses and epigenetic regulators. We have demonstrated that Dicer protein expression but not mRNA in several human and murine tumor cell lines as well as primary human and mouse kidney cultures is inhibited by double-stranded RNA and Type I interferons. In contrast IFN-c induces Dicer [44] . These findings identify interferons as potentially important regulators of Dicer expression. The dramatic and rapid regulation of Dicer observed may provide new insight into cellular responses to various stresses and potentially to infections.
Some miRNAs, like miR-16, are widely expressed while others are tissue or developmental stage specific [10, 45, 46] . The tissuespecific expression of miRNAs is suggestive of a role in cell differentiation and in maintaining cell identity; roles they may share with tissue-specific transcription factors. Certain miRNAs may be present in high levels; for example, in C. elegans, miR-2, miR-52, and miR-58 are present in an abundance of $50,000 molecules per adult worm cell [47] .
It is estimated that expression of $8000 genes (30% of the human genome) can be regulated by miRNAs [48, 49] . However, recent bioinformatics studies hint at the existence of tens of thousands of short non-coding RNAs similar to miRNAs with the potential to regulate expression of most or all human genes [50] [51] [52] . Although it is uncertain whether all of the small RNAs are functional and some may be fragments of larger RNAs. Each miRNA may suppress multiple genes (on average $200) and one mRNA can be targeted by multiple miRNAs [53] [54] [55] .
Human miRNAs are processed from primary transcripts which may originate from introns, intergenic regions or non-coding RNAs [56] [57] [58] . RNA Pol II is responsible for the majority of miRNA transcripts however, RNA Pol III transcripts have recently been found to be processed into miRNAs [50] . About 25% of human miRNAs belong to intronic regions of protein coding genes [59] . Intronic miRNAs are usually co-expressed with their respective mRNAs as observed for human intronic miRNAs [60] . A mature miRNA emerges after a series of steps depicted in Fig. 1 . The process begins with the transcription of a long primary transcript by RNA polymerase II. Functional mature miRNAs are excised by a pair of endonucleases (Drosha and Dicer) that are present in different compartments of the cell. The nuclear RNase III, Drosha, produces a precursor which is actively transported to the cytoplasm where Dicer cleaves pre-miRNAs to release mature $22 nucleotide duplex miRNAs. A single strand of the small RNA is then loaded onto the RNA-induced silencing complex (RISC) that directs the miRNA to its target site on mRNA and leads to post-transcriptional repression ( Fig. 1) [61, 62] . An alternative pathway of miRNA biogenesis involves splicing from introns. These 'mirtrons' mimic the structural features of pre-miRNAs and are spliced out without Drosha processing. Thus far 14 mirtrons have been found in Drosophila and C. elegans [63] . The discovery of mirtrons raises the interesting question as to whether miRNAs could have evolved before Drosha/Pasha in eukaryotes [63] . Mirtrons have recently been identified in mammals as well; including 16 primate-specific mirtrons and 3 mirtrons that are well conserved in diverse mammals. The existence of well-conserved mirtrons indicates their relatively ancient incorporation into endogenous regulatory pathways [64] .
Analogous to protein coding genes, miRNA may also be subject to post-transcriptional regulation. A recent study demonstrated a role for SMAD proteins, regulators induced by TGF family members, in enhancing pre-miR-21 processing from its primary transcript [65] . This function appears to be mediated by specific SMAD association with Drosha and the p68 RNA helicase. It has also been shown that primary miRNA transcript processing can be blocked. For example, the developmentally-regulated RNA binding protein, Lin28, binds pri-let-7 transcripts and prevent their processing in ES cells [66] . Furthermore, RNA editing has been shown to present an additional mechanism of post-transcriptional regulation of miRNAs [67] . The ADAR editing enzymes are capable of converting specific adenosine residues to inosine in double-stranded RNA molecules. Edited miRNAs may be degraded by the RISC associated ribonuclease Tudor-SN or may be redirected to different targets [68] .
Classically it is viewed that transcription factors (TFs) regulate gene expression responsible for the various cell phenotypes and responses of cells to environmental stimuli. With the discovery of miRNAs, it is speculated that miRNAs, in combination with TFs, control the expression of thousands of mammalian genes and this is associated with 'tuning' the transcriptional network [69] . miRNAs are believed to form regulatory networks by integrating the cell-intrinsic regulators including transcription factors and epigenetic controls with cell-extrinsic signals from other cells and the environment. One type of network may consist of a TF and miRNAs that can co-regulate the expression of common target genes (Fig. 2) . Transcription factors regulate the expression of miRNAs forming a feed-forward loop that aids in the efficient control of mRNA [70, 71] . These and other miR-TF regulatory architectures are described in detail by Shalgi et al. [70] . For example, c-Myc activates E2F1, a transcription factor, and miR-17-5p and miR-20. The E2F1 directly binds the promoter of the miR-17-92 cluster regulating its transcription [72] . MiR-20, a component of the miR-17-92 cluster has been shown to regulate the translation of E2Fs [72] . This feed forward loop possesses an additional property in that it has a shorter response time to a signal compared to purely transcriptional loops. Recent in silico studies predict many miRNA: target regulatory relationships; for example, nine transcription factors that regulate the p53 gene were identified as targets of miRNAs [73] .
miRNA-mediated gene regulation is conceptually similar in many ways to that mediated by transcription factors. Similar to transcription factors, miRNAs bind to defined cis-regulatory sequences. Also, miRNAs function as cell-type specific switches that determine gene expression [74] . For example, the lsy-6 miRNA constitutes both an essential and a sufficient switch for chemosensory cell differentiation [75] . The occurrence of numerous distinct putative miRNA binding sites indicates a combinatorial model in [70] ). As discussed in the text, feed-forward loops occur in high frequency in many biological networks and consist of a TF and miRNA that act as a switch. In the feed-forward loop diagrammed, a TF regulates its partner miRNA as well as target genes. Other more complex networks are also found, as described in Section 3 and [70] .
which, for a gene to be turned on or off within a given cell type, a combination of trans-acting factors (miRNA and TF) specific to that cell binds to cis-regulatory elements. The presence of multiple miRNA target sites in immune genes [5] and studies of miRNA expression in brain and hematopoietic lineage cells [10] suggest that, like TFs, 'codes' of miRNAs may exist. The co-operative nature of miRNA action, as observed in in vivo studies using transgenic worms, is similar to the cooperation reported for TFs [76] [77] [78] . However, there also exist differences between TF and miRNA action. For example, TFs can act as either activators or repressors, and because of their size and structure they can simultaneously interact with distinct tissue-specific proteins. miRNAs are primarily repressors, although recent experiments have suggested that miRNAs may activate certain genes in growth arrested cells [79] . It has also been recently shown that miRNAs can bind sites in promoters to activate transcription and that sites in 5 0 UTRs may be capable of enhancing translation [80, 81] . Clearly, our understanding of sequences targeted by miRNAs and their consequences are continuing and preliminary data suggests differing activities (activation vs repression) depends on cellular conditions [82] .
Relatively little is known of the relationship between miRNAs and epigenetics in normal cells, although it is generally thought that miRNAs have an effect on the epigenetic machinery and that miRNA expression can itself be epigenetically controlled. Defects in both the epigenetic and miRNA regulation of genes have been documented in various cancers. A number of recent studies indicate that abnormalities of the epigenome and the miRNome are not independent but reflect epigenetic regulation of miRNA expression and miRNA regulation of components of the epigenetic machinery [83] . For example, miRNA expression profiling studies in T24 human bladder cancer cells and LD419 human normal fibroblast cells identified 17 of the 313 miRNAs studied to be up-regulated by a DNA demethylating agent and histone deacetylase inhibitors [84] . Additional studies have confirmed the effect of methylation on miRNA expression [84] [85] [86] [87] . It is noteworthy that the epigenetic regulation of miRNAs can be cell-type specific [88] . In addition, two computational studies have predicted chromatin factors as major miRNA targets [5, 89] .
In silico miRNA target predictions
Plant miRNA are completely (22 nt) complementary to their targets leading to degradation of the message. Some miRNAs also cleave target mRNAs when the sequences of the miRNA and their target gene are nearly perfectly complementary [90] . However, unlike plant miRNA, the majority of animal miRNAs are only partially complementary to their targets and, although degradation may occur, most often they repress translation. However, the detailed mechanisms of gene silencing remain elusive [43, 76, 91, 92] . Doench and Sharp have reported that the ability of miRNAs to suppress translation depends on the free energy of binding between the first 8 nt of the 5 0 end of miRNA and its target mRNA [53] . These miRNA inhibit the expression of target mRNAs that are complementary to position 2-7 of the 5 0 end the miRNA, known as the seed region [93] . The relative lack of specificity of target regulation in animals represents an intrinsic problem in understanding how miRNAs work. As mentioned, miRNAs are an important mechanism of normal control of tissue-specific populations of actively translated mRNAs [94] . However, could they be harmful to the cell? This is an important area for future research.
During the past 5-6 years computational tools have been developed to understand the structure of miRNAs and to identify likely miRNA target sites in mRNA 3 0 UTRs. The basic principles for target site prediction are largely derived from experimental studies and rely on: (1) the extent of sequence complementarity; (2) favorable miRNA-target duplex thermodynamics; (3) conservation of target 3 0 UTR sites in evolutionarily-related genomes; (4) multiplicity and co-operativity of miRNA-mRNA duplex [49, 51, [95] [96] [97] [98] . Each algorithm weights the contributions of these individual features differently. As studies have progressed, these algorithms have been updated and improved. A database, TarBase, has been assembled to catalog miR:target gene interactions with experimental validation [99] . The ongoing need for more experimental demonstration of specific miR:target gene functional interactions will make TarBase a critical tool to multiple groups as they continue to refine predictive algorithms. The biological validation of truly functional miRmRNA is critical in future studies.
The efficacy of in silico prediction of miRNA targets is often difficult to assess because relatively few validated miRNA targets are known. Nonetheless, recent data showing experimental support for many target predictions is encouraging. For example, comparison of the performance of five computational methods using a set of 84 miR:target gene interactions, involving 32 miRNAs [99] demonstrated that 3 algorithms (PicTar, TargetScanS, and miRANDA) identify nearly 65% of the conserved unbiased experimentally supported interactions. Each of the algorithms has its own false positive rate but, since each program also uses differential weighting of prediction criteria, comparison of independent predictions can enhance the specificity of miRNA target site prediction [100] . Importantly the union of these individual programs would predict $92% of the conserved and experimentally verified miR:target gene interactions [100] . While this method can achieve high probability predictions, false negatives can become more of a problem as algorithms are merged and thus the selection of algorithms for consensus studies is critical [100] . The in silico approach has thus far been the main tool for identifying miRNA targets often allowing the subsequent identification of a biological role for a miRNA. The immune gene miRNA target prediction survey of Asirvatham et al. [5] used the stringent combination of three algorithms described by Sethupathy et al. [100] but also reported the complete individual algorithm outputs.
miRNA regulation of innate immune responses
Computational analyses [5] indicate preferential targeting of immune genes by miRNAs with major targets including transcription factors, co-factors and chromatin modifiers whereas innate immune pathway molecules including TLR, chemokines, and cytokines are generally poor or non-targets. Of the interleukin genes (IL1-29) studied, 9 had predicted miRNA binding sites (Fig. 3A) . Of 20 interleukin receptor genes examined, only two had high probability miRNA target sites. Statistical analysis indicated that predicted miRNA target sites were under-represented in the 3 0 UTRs of cytokine and chemokine ligand and receptor genes relative to the genome as a whole. Although, not the topic of this review, chemokines are important in inflammation and recent work suggests that, like cytokines, chemokines and their receptors are poor targets of miRNAs. However, despite a relative lack of miRNA targets selected chemokines are good targets of miRNAs [5] . Chemokines, along with cytokines, function as major regulators of many of the cellular components of the tumor microenvironment [101] . For example, targeting of CXCR4 with a miRNA blocks the invasive and metastatic properties of breast cancer cells [102] . Of the interferon genes and their receptors analyzed, only IFN-c was predicted to have a single miRNA binding site. The relative paucity of miRNA binding sites in the cytokine genes compared to the genome as a whole was surprising in light of the reported role of mRNA stability in the regulation of cytokine expression [103] . Importantly, these findings suggest that either the regulation of the cytokine/chemokine/TLR genes is not often mediated via their 3 0 UTRs or that elements other than miRNA targets in the 3 0 UTR are involved in regulating message stability. As mentioned above and discussed further below, the AU-rich elements located in the 3 0 UTR are important determinants of cytokine message stability. Additionally, miRNA regulation of a pathway may not be at the ligand or receptor level but rather at upstream or downstream steps in the pathway. This has been well shown for LPS activation of TLR4 via the NF-jB pathway [104] . A comparable mechanism has been noted for the p53 pathway in which the downstream gene p21 but not p53 is a high probability target for miRNA regulation [5] . Similarly, in the JAK-STAT pathway numerous components of this pathway rather than ligands or receptors are the predicted targets of miRNA regulation. Approximately 50 miRNAs are predicted to target the genes of the JAK-STAT pathway including the negative regulators SOCS and PIAS.
TGF-b was first discovered for its ability to stimulate the proliferation and transformation of mesenchymal cells [105] but has now been shown to have diverse effects [106, 107] . TGF-b is produced by many cells including T reg cells and has been characterized as an immunosuppressant cytokine due to its inhibitory effect on effector T cell development and the promotion of T reg cells [108] . TGF-b directs the differentiation of both Foxp3 + T reg cells and T H 17 cells in an inflammatory cytokine environment and provides a mechanism by which T reg cells terminate T H 17 responses [109, 110] . In silico analyses suggest that the TGF-b pathway is highly regulated by miRNAs. However TGF-b1 and the receptors TGF-bRII, Endoglin, and Cripto-1 do not have any predicted miRNA target sites whereas multiple miRNA binding sites are predicted in the downstream signaling components including all 7 SMAD genes and the co-repressor TGIF [5] . Seventeen of the 24 components in the TGF-b pathway are likely to have 3 0 UTR binding sites for 64 different miRNAs. Moreover the 17 target genes are all hubs with 8 or more different miRNA sites in their 3 0 UTR making them high probability sites of miRNA control [5] .
Evolution of miRNAs and their targets
It is intriguing to speculate on the selective nature of miRNA regulation found in certain interleukin genes (see Fig. 3A ). For example, the interleukin 1 family includes several closely-related genes; the major agonist proteins are IL-1a, IL-1b, and IL-18. IL1a and IL-1b bind to the same receptors, induce similar biological functions [111] and are duplicated genes [112] . Computational analysis of the IL-1a and IL-1b 3 0 UTRs predict miRNA binding sites only in IL-1a [5] suggesting the possible loss of miRNA binding sites as a result of the duplication. The change in gene expression patterns resulting from gain or loss of miRNA binding sites could have a considerable effect on evolution. During gene duplication, the loss of or an alteration in target sites could result in variations in development that may be selectable during evolution [113] . Positive selection could act on miRNA target sites in genes whose down-regulation is advantageous and negative selection on target sites in genes whose expression is disadvantageous to survival [114] . From an evolutionary perspective, it has been shown that miRNA stem-loop structures contribute to the evolution of robustness in genetic regulation [115, 116] . The mechanism by which miRNA acquire new functions is not well understood but one prominent possibility is to utilize the other strand (miRNA * ) of the duplex, generated by Dicer, that is usually degraded [117] . Gene duplication and diversification have been implicated in the evolution of small RNA regulatory pathways and in the alterations in spatial and temporal miRNA expression as well as the evolution of gene regulation in multiple organisms [118, 119] . Some excellent recent reviews of microRNAs that focus on their evolution are recommended [119] [120] [121] [122] [123] [124] .
Several years ago Bartel's group [48] reported a selective avoidance pattern of genes with target sites for miRNAs. Certain genes were expressed at developmental stages before miRNA expression and their levels tended to fall as miRNA appeared. Thus, in general, 0 UTR. miRNA potentially regulate the expression of the components of the ARE machinery. Additionally, MAPKs regulate the function of ARE-BPs and they may in turn be regulated by miRNA [5] . MiR-16 sites are found to overlap with some ARE sites and could potentially provide another mechanism by which miRNA regulate the expression of ARE-containing transcripts like SOCS3 (see Section 9). miRNA target genes in animals were co-expressed at low levels in the same tissues as the miRNAs that target them. Moreover, genes that are co-expressed together with miRNAs in the same cell usually lack target sites. This suggests that animal genes may be under evolutionary pressure to react with or avoid miRNAs [48, 114, 125] . Chen and Rajewsky [126] have emphasized the comparison of the evolution of genes by transcriptional regulation with the post-transcriptional gene regulation mediated by miRNAs. However, although most animal miRNAs repress translation, several miRNAs cleave target mRNAs such as HoxB8 [127] .
Typically vertebrate evolution of genes has been explained by genome duplications with subsequent diversification of the duplicated copies. Two massive gene duplications occurred during emergence of vertebrates [128] . A recent study of the causal relationship of gene duplication events to the advent of morphological complexity in vertebrates indicated that although duplications increase diversity they can not account for the origin of the novel families themselves [129] . Vertebrates have high levels of non-coding RNAs (ncRNA) compared to invertebrates [130] and among the ncRNA are miRNAs that have increased substantially with >250 new miRNAs added in the vertebrate lineage [130, 131] . It seems likely that the enhanced transcription status created more hairpins and therefore potentially more miRNAs which increased its organismal complexity. Additionally, the maintenance of an optimal phenotype in the face of genetic perturbation (genetic robustness) mediated by miRNAs may be inherent in the stem-loop structure of miRNAs compared to random RNA sequences [116] .
Although single nucleotide polymorphisms (SNP) have been shown to be rare in miRNA targets these sites are subject to polymorphism and selection that likely contribute to the evolution of regulatory systems and possibly to various diseases [132, 133] . One example of an evolutionary relationship is seen in the IL-1 and IL-18 genes. There is differential regulation of IL-1a and IL1b by miRNAs, with IL-1a being a target but not IL-1B. These predictions, if functionally verified, could open new avenues for regulating IL-1 in cancer therapy [111] . IL-18, which is more closely related to IL-1b than IL-1a, also does not have any predicted miR-NA sites [134] . Speculatively, the lack of miRNA regulation of IL-1b and IL-18 could have evolved to regulate the overlapping functions of these genes. It should be mentioned in the context of evolution that miRNAs themselves could be duplicated and subsequently acquire separate functions.
Similar to IL-1, IL-12 has 2 chains but these do not arise from gene duplication. Interestingly, the IL-12a chain has no predicted miRNA targets but the IL-12b has a single high probability miRNA binding site [5] . The biologically active IL-12 is a heterodimer consisting of disulfide linked subunits, IL-12p35 (IL-12a) and IL-12p40 (IL-12b), that are products of distinct genes [135] . The p35 chain is ubiquitously expressed whereas the p40 chain is highly regulated and expressed in cells where bioactive IL-12 is strongly induced [136] . The expression of these transcripts is primarily regulated at the transcriptional level [137] and, to a certain extent, by reversible histone acetylations and deacetylations [138] . However, posttranscriptional regulation also appears critical for the control of IL12b chain as demonstrated in a study where a decrease in the synthesis of IL-12b chain was related to decrease mRNA stability [139] . The temporary defect in the levels of IL-12b chain noted during neonatal dendritic cell (DC) development is also consistent with the post-transcriptional control of IL-12b [140] . Whether miRNA to IL-12b are present in the neonate and functionally regulate IL-12 is, to our knowledge, unknown. However, collectively these data suggest that miRNAs provide an important layer of post-transcriptional gene regulation in the immune system during development.
There are numerous examples in the literature [5,141] of duplicated or functionally closely-related genes in which miRNA regulation differentially targets the related genes. For example, estrogen receptor (ERa) is targeted by miRNA [5, 141] but ERb is not. Differential targeting was also noted between the methyl binding proteins MBD2 and MBD3 and other examples in computational studies [5] . Speculatively, miRNAs could have evolved to regulate the overlapping functions of closely-related duplicated genes. These may be 'clues' and future in-depth studies of these miR:gene interactions may enhance our understanding of these important pathways. However, this phenomenon is not restricted to duplicated genes and the functionally-related RAG1/2 and HRAS/KRAS genes are also examples where only one member of the gene pair is a miRNA target [5] .
miRNAs that belong to the same family may regulate identical or similar target genes suggesting a functional redundancy of these miRNAs. For example, a cluster of miRNAs, miR-160-1, 160-2, 160-3, and 160-4, control the expression of an auxin response factor homolog in Physcomitrella [142] . IL-25 shares sequence similarity with IL-17 and these cytokines are likely to be targeted by a common set of miRNAs (miR-17/20/106) [5] . The CBP and p300 genes are functionally and structurally closely-related chromatin cofactors and, while each has its own distinct set of miRNAs, they share predicted binding sites for 10 miRNAs [5] . In contrast, for many other closely-related genes the predicted miRNAs are distinctive suggesting a high specificity of the miRNA:target interaction in spite of conservation of gene sequence and function.
As mentioned above the genes in a pathway can be regulated by a common set of miRNAs while in many others this has not been found. A computational study identified two functionally correlated miRNA:mRNA modules that are defined as groups of miRNAs and their mRNAs involved in similar biological processes [143] . In module I, three miRNAs (miR-127, -212, and -132) share putative target genes. The miRNAs in this module are considered tumor suppressors and their target genes are primarily oncogenes. Module II consists of two miRNAs (miR-98 and let-7f-2) and five target genes that are involved in cell cycle or metabolism [143] . An example of module I is predicted in the RNAi pathway where DICER1 and all four Argonaute (EIF2C) genes are targeted by a common miRNA (let-7d) [5] . Thus a single member of the let-7 family of eleven miRNAs could potentially modulate RNAi pathway components and the expression of the $8000 genes predicted to be regulated by miRNAs.
miRNAs indirectly regulate the expression of cytokine genes
As mentioned above, miRNAs can potentially regulate cytokine expression by directly binding to target sites in the 3 0 UTRs of mRNAs or, as discussed below, by indirect mechanisms. Although computational analysis indicates that the 3 0 UTRs of most cytokines lack miRNA target sites, miRNAs could nevertheless regulate cytokine expression by targeting ARE-binding proteins (ARE machinery components) such as TTP, AUF1 and members of HUR family (Fig. 3B) . A recent study demonstrated that the machinery components involved in the ARE-mediated decay pathway are heavily predicted targets of miRNAs [5] . As depicted in Fig. 3 , miRNA repression of several ARE components may alter levels of inflammatory cytokines as well as other immune genes. The current ARE registry lists $4000 genes as potential targets [18, 20] although in only a few have these AREs been functionally documented. Many of the components of the ARE pathway, are regulated by phosphorylation mediated by the MAPK pathway [144] [145] [146] . For example TTP-mediated TNF-a decay is inhibited by the combined activation of ERK and p38 [147] . TTP is also regulated by the proteasome and its degradation is enhanced by inhibition of the MAPK pathways [145] . Thus the MAPK kinase and proteasome pathways interact to regulate TTP and other ARE-BP and thereby the half-life of a large group of mRNAs. Whether the specific MAPKs and proteasome components involved in ARE control are themselves regulated by miRNAs is unknown. It seems however that message stability of TNF-a and possibly other cytokines is mediated via ARE elements, MAPK, the proteasome and indirectly by miRNA which target TTP and other ARE-BP.
MRNA stability is regulated by multiple mechanisms including AU-rich elements present in the 3 0 UTR which are cis-acting destabilizing elements. It has been demonstrated that Dicer and Argonaute may be required for the ARE-mediated mRNA decay in Drosophila and HeLa cells [148] . Sequence analysis identified miR-16 as possessing complementary sequence to the canonical AUUUA and demonstrated a role for this miRNA in interaction with the ARE sequence. MiR-16 has a UAAAUAUU sequence and is conserved in mammals. MiR-16 is present in high levels in most cells and is potentially a 'master miR' involved in determining mRNA stability via AREs. The down-modulation and over-expression of miR-16 increased or decreased, respectively, the stability of a reporter RNA engineered to contain the ARE of TNF-a or Cox-2 [148] . The ARE binding proteins and miR-16 were required for recognition of ARE sequences and their cooperation may be essential in ARE-mediated mRNA degradation. Furthermore EIF2C/AGO family members may participate in the interaction between miR-16 and TTP [148] . Although the interaction of miR-16 with ARE sites in mRNA has been demonstrated in vitro, the exact mechanism of miRNA targeting of ARE sequences and potential role is yet to be defined. Although an association between miR-16, ARE, RISC, and other proteins have been observed, the role that each plays in determining how message stability is controlled by miRNAs is, as yet, uncertain [43, 149] .
We identified two hundred genes with potential miR-16 target sites and of these three (SOCS2, AGO1, and RARB) have ARE sites in their 3 0 UTRs. Examination of the SOCS2 miR-16 target indicates that the ARE binding site lies at position 11-15 which are outside the 5 0 seed region of miR-16 [5] . We speculate that the additional interactions provided by the ARE may be necessary for the functional activity of miR-16:SOCS2 interaction similar to that previously described for miR-16:TNF-a. This type of co-operative activity could enable miRNAs to further modulate the stability of message via ARE-mediated degradation. For example, TTP negatively regulates the expression of inflammatory cytokines such as TNF-a. During a stress response, negative regulation can be abrogated via the activation of MAPK leading to phosphorylation and inactivation of TTP thereby enhancing cytokine message stability and levels. As mentioned above, computational examination of the 3 0 UTRs of various immune genes did not identify likely miRNA target sites in any of the TLRs or the majority of cytokines or chemokines. However, $50% of the cytokines studied have ARE sites [5] (Fig. 3A) . Interestingly, overlapping sites for miR-16 binding and AREs were not identified in the cytokine genes analyzed with the exception of TNF-a.
P-bodies as sites of miRNA function
Several recent reports suggest that cytoplasmic compartments referred to as processing bodies (P-bodies or GW bodies) or, more broadly, stress granules are cellular sites where mRNA turnover occurs [150] [151] [152] [153] . It is thought that miRNAs, following their generation by Dicer, bind to Argonaute proteins and identify their target mRNA by sequence complementarity in P-bodies. These cytoplasmic granules are major sites where cleavage and degradation of mRNA occurs. A model for miRNA function has been described in which miRNA targets associate with AGO1 via miRNA:mRNA base pairing interactions. The GW182 protein, a major component of Pbodies, interacts with AGO1 and recruits deadenylase and decapping enzymes leading to degradation of mRNA. In support of this model, it has been demonstrated that miRNA and their target mRNAs accumulate in P-bodies. The inhibition of essential structural components of P-bodies (GW182, TNRC6B, MOV-10, and Dcp-1/2) leads to both a loss of P-bodies and also an impairment of miRNA function [43, 149, [154] [155] [156] [157] . P-bodies also serve as sites for storage of repressed mRNAs [155] . An important new thesis is that mRNAs may return to polysomes to synthesize new proteins and that certain cellular proteins may facilitate the exit of mRNA from P-bodies [153] . For example, the A3G protein co-localizes with miRNAs and argonaute proteins in stress granules and counteracts the translational repressive activity of several miRNAs (miR-10b, miR-16, miR-25, and let-7a) . A3G facilitates the recruitment of miRNA-targeted mRNA to polysomes for translation leading to dissociation of miRNA-targeted mRNA from P-bodies [158] . However, the biological role of A3G has not been fully defined.
As indicated above, the entry of an mRNA into a P-body does not inevitably lead to its degradation and repression by miRNA can be a reversible process [152, 153] . For example, the CAT-1 mRNA that is negatively regulated by miR-122a has been reported to escape both translational repression and P-body entrapment following amino acid starvation, oxidative stress or endoplasmic reticulum stress [151, 159] . Following derepression, the CAT-1 mRNA is released from the P-bodies and is recruited by polysomes. Interestingly, HuR, an ARE binding protein, interferes with the function of miRNAs. HuR binds ARE containing-mRNAs and chaperones them to the cytosol [160] . This shifts the P-body-to-cytosol equilibrium of mRNAs thus prolonging message half-life. It has been proposed that the above mentioned and other ARE binding proteins ($12 in all) generally act as modifiers altering the potential of miRNAs to repress gene expression [151, 159] . Finally the HUR gene family members may themselves be targets for miRNA regulation [5] , another example of the complex interaction between message stability, AREs and miRNAs.
The ability to reverse the negative effect of miRNAs discussed above would potentially make miRNA regulation more dynamic and more responsive to specific cellular needs. In neuronal cells many mRNAs are transported for long distances along the dendrites as repressed mRNPs to become translated only on arrival at their final destination at the synapse [46, 161] . The Limk-1 transcription factor mRNA is transported in a dormant state within dendrites to synaptic sites by its association with miR-134. In the absence of synaptic activity miR-134 inhibits Limk-1 translation. However, miR-134-mediated repression of Limk1 mRNA is reversed in response to extracellular stimuli which activate the mTOR signaling pathway [46] . Such a regulatory mechanism may exist in immune pathways; although, there are, to our knowledge, no known examples of immune genes that are derepressed by release from miRNA repression.
miRNAs, inflammation and cancer
Inflammation involves a well-coordinated response which includes the activation of several hundred genes including multiple cytokines, chemokines, matrix remodeling proteases, reactive oxygen, and nitrogen species and others. Although the relationship between inflammation and tumorigenesis is widely accepted, the cellular and molecular mechanisms involved are incompletely understood. One thesis suggests that a failure to precisely control the components of inflammation leads to persistent inflammation and the production of cells and growth/survival factors that enhance the growth of surrounding cells which become cancers (Fig. 4) [162] . The identification of miRNAs which are associated with cancer (oncomiRs) [163] and the involvement of miRNA in inflammation and immunity have further strengthened the poten-tial link between miRNAs, inflammation and cancer [164] . The identification of miRNAs involved in inflammation and cancer and their functional relevance could provide new molecular targets for early detection, prevention and perhaps therapy for cancer.
As mentioned earlier, specific miRNAs (miR-132, -146, and -155) are activated by inflammatory mediators such as NF-jB [8] . Two of the predicted targets of miR-146 (TRAF6 and IRAK1) are involved in LPS signaling and miR-146 may therefore regulate inflammation via a classical negative feedback pathway [104] . Moreover, TTP and AUF1 are predicted targets of miR-146 [5] and both are message destabilizing proteins. Thus inflammatory stimuli that induce the expression of NF-jB and miR-146 could indirectly enhance the expression of multiple proinflammatory cytokines. In mice, LPS also induces rapid transient changes in expression of other miRNAs (miR-21, -25, -27b, -100, -140, -142-3p, -181c, -187, -194, -214, -223, and -224) although the role of these miRNAs in inflammation is, as yet, uncertain [165] . In addition to LPS induction of miR-155, several other inflammatory mediators, including poly-(I:C) and IFN-b, were identified to upregulate the expression of miR-155 thereby characterizing miR-155 as a component of the primary response to various inflammatory mediators [56, [166] [167] [168] [169] [170] .
The observation that miRNAs are likely regulators of cytokine mRNAs [150] suggests that they might also be involved in diseases related to abnormal immune responses including certain inflammatory disorders. For example, miRNAs have been reported to provide a layer of regulation in the pathogenesis of chronic inflammatory skin diseases e.g., psoriasis and atopic eczema [171] . Psoriasis is characterized by a specific miRNA expression profile that is different from healthy skin and other chronic inflammatory skin diseases such as eczema. The keratinocyte-specific miRNA (miR-203) was observed to be up-regulated in psoriatic plaques leading to a concurrent down-regulation of suppressor of cytokine signaling-3 (SOCS-3) protein translation. SOCS-3 is a negative regulator of the IL-6 and IFN-c-induced signaling pathways and therefore the suppression of SOCS3 may lead to an increase in inflammatory response in the skin [171] . High probability miR-NA binding sites are present in all of the SOCS genes (SOCS1-7) [5] . Interestingly, these predictions suggest that members of the SOCS gene family are differentially targeted by miRNAs with SOCS7 having a single miRNA binding site, SOCS5 & SOCS6 multiple miRNA binding sites (>8) and SOCS-2, -3, -4 having 2-4 predicted miRNA binding sites. The identification of a common set of miRNA (let-7/miR-98) binding sites in the 3 0 UTR of SOCS1 and SOCS4 transcripts and also in IL-6, IL-10, and IL-13 suggests a potential functional redundancy of these miRNAs [5] . MiR-146a is known to be associated with psoriasis and also regulates the genes in the TNF-a signaling pathway [104, 172] . The importance of TNF-a in psoriasis has been demonstrated by the efficiency of the anti-TNF-a therapies suggesting that miRNAs are potential therapeutic targets in the treatment of inflammatory diseases [171] .
miRNAs may also be involved in pregnancy, a process requiring precisely controlled inflammation. The human chorioamniotic membranes participate in a variety of physiological and pathological processes during pregnancy. Infection and inflammation of the amniotic cavity can lead to both preterm delivery and adverse prenatal outcomes [173] . Functional genomics studies have identified a unique gene expression pattern during intra-amniotic infection [174] . Interestingly miRNA expression in the human chorioamniotic membrane changes with advancing gestational age suggesting a functional role for miRNAs. Thirteen miRNAs display decreased expression with advancing gestation and with histological chorioamnionitis. MiR-223 was experimentally identified in chorioamnionitis-related inflammation and its predicted target genes include several genes involved in inflammation and immune responses [175] . However, all other miRNAs identified as regulators of the inflammatory and anti-inflammatory cytokines remain potential candidate miRNAs responsible for inflammation in the chorioamniotic membranes.
The frequent identification of inflammatory cells in the tumor microenvironment led to the concept that these cells play a role in tumor progression, invasion and angiogenesis [176, 177] . The proinflammatory cytokines and chemokines produced in the tumor microenvironment, including TNF-a, IL-1, IL-6, and IL-8, enhance cell proliferation, cell survival, cell migration and tumor angiogenesis [178] . Cytokine signaling could contribute to tumor progression by stimulating cell growth and differentiation and/or inhibiting the apoptosis of altered cells at the inflammatory site [179, 180] . The proinflammatory cytokine IL-6 has multifaceted functions including regulation of immune responses, hematopoiesis and inflammation. It has also been shown to be involved in tumor progression, inhibition of apoptosis of cancer cells and feverinduced angiogenesis [181] [182] [183] . Elevated IL-6 levels were observed in patients with endometrial cancer, non-small cell lung carcinoma, colorectal cancer, renal cell carcinoma, breast, and ovarian cancer. The persistent activation of IL-6, as observed in certain cancers and chronic inflammatory conditions, induces the expression of miRNA let-7a which contributes to IL-6-mediated tumor cell survival by modulating Stat3 activity [162] . Computational analyses indicate the presence of a high probability miRNA binding site for let-7 in IL-6 and also a let-7 site in the 3 0 UTR of STAT3 [5] . The let-7 target site predicted in the 3 0 UTR of IL-6, together with IL-6-mediated increases in the expression of miR-21, let-7 and other miRNA, suggests the potential for a repressive feedback loop [162] . A well-known example of such a loop is observed in mammalian neuronal development in which the RE1-silencing transcription factor (REST)/NRSF, a transcriptional repressor of multiple protein-coding genes, activates miRNAs including miR-29 and -135b [184, 185] . REST in turn has putative binding sites for several brain-related miRNAs including miR-29 and miR-135b in its 3 0 UTR. This would produce a double-negative feedback loop involving the REST complex and miRNAs [185] . The let-7 miRNA has also been reported to be poorly expressed in lung cancer [186, 187] and over-expression of let-7 inhibits lung cancer cell growth in vitro suggesting that it may act as a tumor-suppressor [188] . Let-7 targets K-RAS and HMGA2 and its loss may allow activation of these oncogenes, enhance tumor progression, and may represent a link between inflammation and cancer [54, 187, 188] . Additionally tumor-derived TGF-b may facilitate suppression of the immune response to tumors [189] . As mentioned above, computational analysis indicates that the ligand TGFB1 is not a miRNA target but many of the signaling components of this pathway are heavily targeted by miRNAs. MiRNAs directed at these pathway components are therefore potential therapeutic targets for cancer treatment.
MiR-155 may also provide a link between inflammation and cancer. Enhanced expression of miR-155 promotes cancer and hence has been referred to as an 'oncomiR' [166] [167] [168] [169] [170] . MiR-155 has been shown to contribute to the homeostatic regulation of the normal immune system and this miRNA is specifically required for T H cell differentiation and germinal center development [11] . Computational analysis strongly suggests that miR-155 can act as an 'immunomiR' [5] ; and miR-155 mutant mice display impaired B-and T-cell immunity and defects in antigen-presenting cells [11] . Several potentially important targets of miR-155 including BCL11A, CTLA4, GCN5, HDAC4, NFAT5, MECP2, SKI, SMARCA4, and SOCS1 have been predicted but not yet verified [5] . MiR-155 directly regulates the expression of Pu.1, a critical factor in terminal B-cell differentiation [12] . Therefore, miR-155 may act as an immunomiR as well as an oncomiR targeting genes in multiple general cellular pathways.
TNF-a, a pro-inflammatory cytokine secreted by tumor-associated inflammatory cells, has recently emerged as a major regulator linking inflammation to cancer pathogenesis. TNF binds to homotrimeric receptors, TNFRI and TNFRII, and can initiate an inflammatory cascade involving other cytokines, chemokines, growth factors and endothelial adhesion factors. TNF-a has both anti-and procancer effects [176] . It is regulated by both transcriptional and post-transcriptional mechanisms allowing for a rapid and transient production in response to a variety of stimuli [190] . The TNF-a sequence includes ARE sites and the importance of post-transcriptional regulation was demonstrated in mice with a germ line deletion in the TNF-a 3 0 UTR. These mice developed pathological conditions similar to rheumatoid arthritis and Crohn's disease associated with a 3-10 fold increase in the TNF-a protein levels [191] . Asirvatham et al. [5] were unable to identify miRNA binding sites in the 3 0 UTR of TNF while the components of the ARE-mediated decay pathway were heavily targeted by miRNAs. It appears that ARE control of TNF-a expression may operate at multiple post-transcriptional levels including the miRNA regulation of ARE-BPs. Additionally the JNK and p38 pathways have been identified to regulate the ARE-mediated translational repression of TNF-a message [33, 147] and the components of these pathways were also identified as miRNA targets suggesting an additional indirect miRNA regulation. miRNAs directed at these pathway components are therefore potential therapeutic targets for therapy.
NF-jB is an important transcription factor activated by TNF-a and has been shown to facilitate the development of inflammation and cancer due to its ability to induce pro-inflammatory cytokines such as IL-6, IL-8, and TNF-a and chemokines [178, 192, 193] . In this putative feedback loop, NF-jB is activated by and induces the expression of pro-inflammatory cytokines. The NF-jB induction of miR-146a/b acts as a negative regulator for TRAF6 and IRAK1, downstream signaling components of the TNF-a pathway. We have also identified a putative miR-9 binding site in the 3 0 UTR of the NFKB1 transcript [5] . The functional verification of this miR:-gene interaction could provide another site of miRNA regulation. As mentioned above, the TNFa/IKKb signaling pathway has been suggested as a link between inflammation and cancer. TNF-a can, via IKKb, activate mTOR signaling and this potentially oncogenic pathway may be relevant in both epithelial tumors and hematological malignancies. The elevated levels of TNF-a derived from macrophages and tumor cells have been reported to up-regulate mTOR through inactivation of the TOR suppressor TSC1 via IKKb leading to tumor angiogenesis [194] . Activation of TOR is an important factor in the development of cancers having deficient or mutated TSC1/TSC2 [194] . Extending and integrating these findings could potentially provide new therapeutic strategies for inflammationmediated cancers using IKK inhibitors and/or inhibitors (antagomirs) of miRNAs targeting TSC1/TSC2.
In recent years, the recognition of miRNAs and their functions has uncovered an additional regulatory layer of gene expression. Profiling and predictive studies are exploding in the literature and demonstrate the broad importance of miRNA regulation in biology and medicine. The near future is likely to bring a rapid expansion in verified miR:gene targets which will provide the prelude to therapeutic studies. Various commercial and academic labs are advancing the understanding of miR:gene regulation and designing pre-clinical applications [195] . Artificial miRNAs (amiRNAs) have been designed to target single genes or groups of related genes [196, 197] . For instance, synthetic miRNAs designated miR-CCR1-85, miR-CCR1-206, and miR-CCR1-656 have been designed and shown to function as down-regulators of CCR1 protein and reduce the invasiveness of hepatocellular carcinoma [HCC] cell lines. The miRNA-mediated down-modulation of invasiveness has been suggested as a therapeutic target for HCC [198] .
